Cellulose is the most abundant renewable biopolymer and has long been utilized by the human in the form of wood, paper, dietary fibre, etc. Functionalization of cellulose has huge potential for applications, and has been undertaken to develop new materials such as lightweight and durable composites, drug delivery matrices, electro-conducting elastic films, etc.[@b1]. However, cellulose modification routes are limited by the complex nature of cellulose (e.g, insolubility to water, heterogeneous crystallinity, and shape variations), and have been intensively studied with the aim of industrial applications[@b2].

Plants produce cellulose in the form of insoluble microfibrils (or nanofibres; for terminology, see the ref. [@b1]) embedded in soluble polysaccharides[@b3][@b4]. Of those polysaccharides, xyloglucan shares the β-1,4-glucan structure with cellulose, but is soluble in water presumably because of its side chain modifications[@b5]. Because xyloglucan non-covalently binds to cellulose[@b6] and is long enough to interlink cellulose microfibrils[@b7], currently prevailing models of the plant cell wall propose that cellulose microfibrils and xyloglucan form a structural network that can determine the physicochemical properties of the cell wall[@b3][@b4][@b8][@b9].

Plant-specific extracellular enzymes of the xyloglucan endotransglucosylase/hydrolase (XTH) family have a unique activity: they seamlessly split and reconnect xyloglucan chains without the requirement for active donors (e.g., UDP-glucose)[@b10][@b11][@b12]. As such, those enzymes are postulated to mediate post-synthetic remodeling of the cellulose-xyloglucan network during plant growth[@b3][@b12].

All the XTH enzymes belong to a larger group of glycoside hydrolase family 16 (or GH16[@b13]), and are distantly related to microbial endoglucanases[@b14]. Land plant genomes generally encode \~30 members of the XTH family[@b15]. By contrast, no XTH family members are found in algae[@b16]. Typical XTH family members in eudicots possess xyloglucan endotransglucosylase (XET) and/or xyloglucan endohydrolase (XEH) activity[@b10][@b11][@b17][@b18], whereas some XTH family members found in angiosperms (AtXTH13, AtXTH14, and AtXTH18 of Arabidopsis[@b19][@b20]; HvXTH5 of barley[@b21]) and Pteridophyta (horsetail hetero trans β-glucanase or HTG of *Equisetum*[@b22]) catalyse heterogeneous transglucosylation between β-1,3/1,4-mixed-linkage glucan (MLG) and xyloglucan and/or between cellulose and xyloglucan. These activities are dubbed MLG:xyloglucan endotransglucosylase (MXE) and cellulose:xyloglucan endotransglucosylase (CXE), respectively[@b22]. In addition, nasturtium seeds contain a distinctive XTH protein (named *Tm*XET(6.3)) that shows broad substrate specificity and mediates endotransglucosylation from hydroxyethylcellulose (a synthetic soluble analouge of cellulose) to cello-oligosaccharide[@b23].

Given that all XTHs utilize xyloglucan as the donor and/or acceptor substrate, the highly conserved nature of the XTH family members in the land plant lineage appears to contrast with the marked diversity of xyloglucan content in the cell walls of land plants[@b24]. Accordingly, it is conceivable that some XTHs might act on cellulose. Exploration of this possibility is important both to better understand how plants control the physicochemical properties of their cell walls during growth and for more efficient industrial cellulose processing. However, this has not been satisfactorily attempted, perhaps because of the difficulty in detecting the transglycosylation of cellulose.

Here, we report the development of assays for the detection of transglycosylation of cellulosic substrates, and biochemical characterization of Arabidopsis XTH proteins heterologously expressed in *Pichia pastoris*. We also performed phylogenetic analysis and database searches of XTH proteins. This report provides evidence that AtXTH3, a thus far uncharacterized member of the Arabidopsis XTH family, mediates transglycosylation of cellulosic substrates.

Results
=======

To estimate evolutionary history of the XTH family in land plants, we used protein sequences of all (33) XTHs identified in the genome of *Arabidopsis thaliana*; the sequence of barleyHvXET5, horsetail EfHTG, and poplar PtEG16; and some of their BLAST best hits from the wild grass (*Brachypodium distachyon*) and moss (*Physcomitrella patens*) genomes to construct a maximum-likelihood phylogenetic tree ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). EG16-like proteins, which belong to an evolutionary intermediate group between bacterial lichenases and plant XTHs[@b14], were chosen as an outgroup. The XTH family was composed of two distinct clades, which were both conserved in the land plant lineage, and has previously annotated as the re-combined group I/II and the group III[@b14]. Each clade contained a subclade that did not include bryophyte taxa. Within the group I/II, the bryophyte-free subclade included four Arabidopsis XTHs (AtXTH1, AtXTH2, AtXTH3, and AtXTH11), and appeared to be biochemically uncharacterized; the other subclade contained AtXTH13, AtXTH14, AtXTH18, HvXET5, and EfHTG -- which catalyse heterogeneous transglycosylation[@b19][@b20][@b21][@b22], along with some AtXTHs (AtXTH12, AtXTH13, AtXTH14, AtXTH15, AtXTH17, AtXTH18, AtXTH19, AtXTH21, AtXTH22, AtXTH24, and AtXTH26) with XET activity[@b19][@b20][@b25][@b26][@b27][@b28]. Within the group III, the bryophyte-free subclade contained a member (AtXTH31) with XEH activity[@b29], and the other subclade contained a member (AtXTH27) with XET activity[@b26]. For further analysis we chose AtXTH3 as a representative of the thus far uncharacterized subclade and AtXTH22 as a representative of the well-characterized clade that included AtXTH13, AtXTH14, AtXTH18, HvXET5, and EfHTG.

*AtXTH3* is highly up-regulated in a stem-growth--impaired mutant *acl5*[@b30], whereas *AtXTH22* (also known as *TCH4*) has been isolated as one of the touch-inducible genes[@b31]. To obtain more information about the biological functions of those XTH proteins, we mined the microarray data collated in the eFP browser[@b32], and found that *AtXTH3* was strongly expressed in the androecium, while *AtXTH22* was strongly expressed in expanding leaves. We also analysed gene expression patterns of other closely-related *XTH* genes in the eFP browser, and found that gene expression patterns were quite diversified even within a subclade. For example, *AtXTH2* was highly expressed in developing embryos, and *AtXTH21* was preferentially expressed in the root. We then observed a T-DNA insertion disruptant line (SALK_032898) of *AtXTH3*, and found no visible phenotype.

To directly test the possibility that some members of Arabidopsis XTHs might act on cellulose, we prepared recombinant AtXTH3 and AtXTH22 that were expressed heterologously in *P. pastoris* and purified by nickel-affinity chromatography ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}), and used in transglycosylation assays. Transglycosylation involves two classes of substrates, i.e., donors (cleaved) and acceptors (conjugated to the nascent reducing end). As the donor substrates, we used xyloglucan and cellulose (in amorphous and crystalline forms); as the acceptor substrates, we used fluorescently-labeled (aminopyridyl; AP) derivatives of cellotetraose, laminaritetraose, and two xyloglucan oligosaccharides, *XXXG* and *XLLG*, (for nomenclature, see ref. [@b33]). Since cellulose is insoluble in aqueous solution, cellulose preparations after reaction with XTHs were digested with a highly purified fungal cellulase preparation after removal of unreacted acceptor oligosaccharides, and the transglycosylation activity was determined by means of liquid chromatography-based measurements ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Xyloglucan after reaction with XTHs was directly subjected to size exclusion chromatography-based enzyme activity measurements, as previously described[@b34].

Our data ([Fig. 1a](#f1){ref-type="fig"}) indicate that AtXTH3 mediated endotransglucosylation from cellulose to cello-oligosaccharide. We designate this activity as cellulose endotransglucosylase (CET). AtXTH3 also mediated endotransglucosylation from cellulose to xyloglucan oligosaccharides (i.e., by CXE activity) as well as that from xyloglucan to xyloglucan oligosaccharides (by XET activity). Among these three activities, XET was the highest ([Fig. 1a](#f1){ref-type="fig"}). On one hand, AtXTH22 almost exclusively transferred xyloglucans to xyloglucan oligosaccharides ([Fig. 1a](#f1){ref-type="fig"}). The donor activity of crystalline cellulose preparations in AtXTH3-mediated cellulose transglycosylation was strikingly reduced, indicating that AtXTH3 preferentially recognizes amorphous regions of cellulose ([Fig. 1b](#f1){ref-type="fig"}). [Figure 1c](#f1){ref-type="fig"} schematically summarizes the transglycosylation reactions of XET, CXE, and CET.

When pH and temperature dependence were examined, the CET activity of AtXTH3 was high at the pH range of 4.5--5.0 ([Fig. 2a](#f2){ref-type="fig"}, left), and at 30 °C ([Fig. 2a](#f2){ref-type="fig"}, right). The CET activity was most pronounced in the acidic pH range; this was in contrast with the pH optimum (5.5--6.5) for the XET activity of many AtXTH proteins examined[@b19][@b20][@b25][@b26][@b28], but overlapped with the optimal pH (5.0) of the XET activity of AtXTH12[@b20] and that (4.75) of the XEH activity of AtXTH31[@b35], and fell within the apoplastic pH of plants[@b36]. When kinetic parameters of the CET were determined, the Michaelis constant was in the micromolar range for the acceptor ([Fig. 2b](#f2){ref-type="fig"}) and in the milligram per milliliter range for the donor ([Fig. 2c](#f2){ref-type="fig"}), and the turnover number was 8--12 × 10^−5^ sec^−1^ ([Fig. 2b,c](#f2){ref-type="fig"}). Such turnover was more than 10 times slower than the XET and MXE activities of EfHTG[@b22], but was on the same order as the XET activity of AtXTH3 ([Fig. 2c](#f2){ref-type="fig"}).

To investigate the mode of enzyme action, we used the soluble donor cellohexaose (instead of insoluble cellulose) and aminopyridyl cellotetraose and *XXXG* as the acceptors. The reaction products in reaction mixtures were detected directly by liquid chromatography--mass spectrometry. The mass spectra revealed that AtXTH3 mediated the transfer of three or four glucosyl residues from cellohexaose to the aminopyridyl acceptors ([Fig. 3a](#f3){ref-type="fig"}).

Next, we examined whether AtXTH3 mediates the formation of cello-oligomers with a higher degree of polymerization (DP) or insoluble cellulose from soluble cello-oligosaccharides. To this end, aminopyridyl cellohexaose was incubated as a sole substrate with AtXTH3 for 168 h. AtXTH3 generated an insoluble and cellulase-digestible product that accounted for 8% of the input substrate. MALDI-TOF mass spectrometry analysis revealed that the insoluble product contained oligomers with DP of up to 19 ([Fig. 3b](#f3){ref-type="fig"}). This indicates that the CET activity of AtXTH3 was responsible for the repeated transfer of the cellulosic moiety to and/or from the insoluble cellulose.

To gain insight into the substrate-subsite recognition requirements, we evaluated the transglycosylation reaction using donor and acceptor oligomers with different DPs ([Fig. 4a](#f4){ref-type="fig"}). Cellopentaose was the minimal donor of AtXTH3, from which cellotriose, but not cellotetraose, was transferred to the acceptor ([Fig. 4a](#f4){ref-type="fig"}); aminopyridyl cellobiose was the minimal acceptor ([Fig. 4a](#f4){ref-type="fig"}). These recognition patterns indicate that five contiguous β-1,4-glucosyl residues located at subsite positions −3 to +2 relative to the cleavage site are critical for the transglycosylation catalysed by AtXTH3 ([Fig. 4b](#f4){ref-type="fig"}). These positions (−3 and +2) are also important for the XET reaction catalysed by a poplar XTH member PttXET16--34[@b37], supporting the notion that CET and XET share a common reaction mechanism as well as a common protein framework.

Discussion
==========

Our results demonstrate that AtXTH3 cleaves the β-1,4-glucosidic linkage in amorphous cellulose and ligates the nascent reducing end to a non-reducing terminus of either cellulosic or xyloglucan oligosaccharide. We therefore discovered a plant enzyme that can mediate post-synthetic modification of cellulose. Plant cellulases, all of which belong to the GH9 family, are involved in such modification via partial hydrolysis of cellulose[@b38]. Nonetheless, unlike those cellulases, AtXTH3 can potentially mediate a grafting reaction from cellulose to cellulose.

The biological function of AtXTH3 is still far from clear. Because *AtXTH3* is up-regulated in *acl5*[@b30], and was highly expressed in the androeciums, this protein might be involved in stem growth and androecium development. Nonetheless we did not detect any visible phenotypes of a knock-out mutant of *AtXTH3*. It has been pointed out that genetic and enzymatic redundancy potentially obstructs physiological analysis of individual XTH members[@b39]. We found that amorphous, but not crystalline, cellulose preparation was susceptible to AtXTH3. The crystallinity of cellulose has been estimated to be at \~20% in the primary cell wall[@b40] and \~60% in the secondary wall[@b41]. In addition, the surface of cellulose microfibrils is likely to be composed of amorphous cellulose[@b42][@b43]. Considering that some members of Arabidopsis XTHs use synthetic analogues of cellulose (i.e., hydroxyethylcellulose and cellulose acetate) as donor substrates[@b20], it is possible that the CET activity of AtXTH3, perhaps together with the same activity of some paralogue proteins, is involved in the formation of a covalent-linkage network on the surface of cellulose microfibrils, in concert with xyloglucan and the XET- and CXE- activities of XTH proteins.

For industrial applications, cellulose is processed and modified by mechanical, chemical, and enzymatic treatments[@b44]. The latter are advantageous because they can be performed under moderate conditions (i.e., ones that are cost and energy effective) and with high reaction specificities in reactions. However, enzymatic reactions applied to cellulose processing on a commercial basis are mainly confined to a cellulase-mediated partial digestion of cellulose[@b1]. This is presumably because of the paucity of known enzymes directly acting on cellulose with desirable specificity. On the other hand, effective modifications of cellulose are in high demand and many chemical methods have been developed[@b45]. In addition, surface modification of cellulose by a combination of chemically-modified xyloglucan-oligosaccharides and XET activity has been reported[@b46]. The discovery of the CET activity of AtXTH3 can comprise a new route for enzymatic cellulose modifications; potential advantages include the grafting specific for the β-1,4-glucosyl linkage and the simplicity of reaction with no requirement for additional substrates.

Methods
=======

Preparation of enzymes
----------------------

Recombinant AtXTH proteins were prepared using pPICZ vector (Invitrogen) modified so that the recombinant protein would have an N-terminal signal peptide of human serum albumin and a C-terminal 6 × His-tag. The partial amino acid sequences of AtXTH22 and AtXTH3, excluding their signal peptides, were subjected to codon-optimization for *P. pastoris*, and the optimized nucleotide sequences were then synthetized by a commercial DNA synthesis service (GenScript). The synthesized sequences were inserted into the modified vector. The expression vectors were introduced into *P. pastoris* KM71H cells (Invitrogen) by electroporation. Zeocin resistant colonies were screened as reported previously[@b47]. High expression clones were selected by using immunoblot analysis with an anti-His-tag antibody (H1029, Sigma-Aldrich). To evaluate the effect of *P. pastoris* intrinsic proteases on the accumulation of the proteins of interest ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}), protein synthesis-inducing medium was prepared as described by the manufacturer (EasySelect *Pichia* Expression Kit; Invitrogen) and used without modification, or supplemented with protease inhibitor cocktail (0.04% v/v; P8215, Sigma-Aldrich). For large-scale production of recombinant proteins, AtXTH22 synthesis-inducing medium was used without modification, whereas the one for AtXTH3 production was additionally acidified (with K-phosphate buffer whose 1 M stock solution was adjusted to pH 3.0) and supplemented with K-EDTA (5 mM) and the protease inhibitor cocktail (0.04% v/v). The induction of recombinant protein expression was performed at 20 °C for 2--4 days with vigorous shaking and intermittent methanol feeding (0.5% v/v, every 24 h). The culture medium was then concentrated (\~100 times) by ultrafiltration (10 kDa cutoff, Vivaspin Turbo 15, Sartorius). His-tagged proteins were purified from the concentrated medium using nickel-charged resin (cOmplete, Roche) and used directly in activity assays. Endoglycosidase H (New England Biolabs) was used as described in the manufacturer's instructions.

*Trichoderma* cellulase was purchased from Megazyme and a recombinant PcCel6A cellulase was prepared as described previously[@b48].

Preparation of enzyme substrates
--------------------------------

Tamarind xyloglucan (Megazyme) and microcrystalline cellulose preparations (Synaptech) were used as supplied; amorphous cellulose was prepared by treating cellulose powder (Wako Pure Chemical Industries) with phosphoric acid, as reported previously[@b49]. Cello-oligosaccharides, laminaritetraose, and xyloglucan oligosaccharides (Seikagaku) were used as supplied or coupled with 2-aminopyridine as described previously[@b50]. Since cellohexaose was largely insoluble in acetic acid, it was dissolved in hot (80 °C) dimethyl sulfoxide for coupling. Aminopyridyl oligosaccharides were purified using cellulose cartridges (Pyridylamination Manual Kit; Takara) or a gel-filtration column (Toyopearl HW-40F; Tosoh).

Enzyme reactions
----------------

For polysaccharide-based transglycosylation assays, 40--100 μL of the reaction mixtures containing 2 mg/mL of amorphous cellulose or tamarind xyloglucan as donor substrates, 25 μM aminopyridyl oligosaccharide as the acceptor substrate, 1 μM (\~30 μg/mL) recombinant AtXTH proteins, BSA (40 μg/mL), and 50 mM sodium acetate (buffered at pH 5.0 for AtXTH3 or pH 6.0 for AtXTH22) were incubated at 30 °C for 24 h, unless stated otherwise. For the control reaction, the enzymes were denatured by the addition of acetic acid (2% v/v) at the beginning of the incubation, or by heating at 90 °C for 5--15 min. When amorphous cellulose was used as the donor substrate, the reaction mixture was applied to a centrifugal filter unit (Ultrafree MC, 5 μm pore; Millipore) and washed four times with 50 mM sodium acetate buffer (pH 4.8); the retentate was suspended in the same volume of *Trichoderma* cellulase solution (12.5 U/mL) in 50 mM sodium acetate buffered at pH 4.8 and then incubated at 60 °C for 1 h, retaining the suspension on the filter; and the filtrate was collected by centrifugation and diluted up to 20 times in water or acetic acid (2% v/v) before liquid chromatography. The method was also modified as follows. For pH profile determination, McIlvaine buffer was used, as previously reported[@b21]. For kinetic parameter determinations, cellulose and xyloglucan donors (in the presence of 1 mg/mL BSA) were incubated with AtXTH3 and an acceptor substrate for 6 h and 3 h, respectively, to maintain first-order reaction conditions. When crystalline cellulose preparations were used as the donor substrates, 150 μg/mL of AtXTH3 was used and the cellulosic products were digested with 5 μM PcCel6A enzyme solution, pH 5.0, for 24 h.

For oligosaccharide-based transglycosylation assays, one or two oligosaccharides (100 μM each) were incubated with AtXTH3 under the same conditions as in polysaccharide-based transglycosylation assays except for the reaction duration (72 h). For mass spectrometry, the reaction mixture was extracted twice with a water-saturated phenol-chloroform (1:1, v/v) mixture and further purified on a MonoSpin NH2 column (GL Sciences).

To evaluate the formation of insoluble reaction products, 2 mM aminopyridyl cellohexaose was incubated with 20 μM AtXTH proteins, BSA (1 mg/mL), and thimerosal (0.01% w/v) in 50 mM sodium acetate (pH 5.0) for 168 h. Reaction mixture aliquot (100 μL) was then applied to an Ultrafree centrifugal filter unit (5 μm). For liquid chromatography, the retentate was washed four times with 50 mM sodium acetate buffer (pH 4.8), suspended in 100 μL of *Trichoderma* cellulase solution (12.5 U/mL in 50 mM sodium acetate buffer, pH 4.8), and then incubated at 60 °C for 3 h. For MALDI-TOF mass spectrometry analysis, the retentate was washed five times with water, and then suspended in 5 μL of water.

Liquid chromatography
---------------------

A Dionex ICS-5000 system equipped with pulsed-amperometric and fluorescence detectors was operated in two modes. Mode A: size exclusion chromatography (G5000PWXL--G3000PWXL in series; Tosoh) with isocratic elution (10 mM NaOH in 100 mM sodium acetate at a flow rate of 0.3 mL/min) was used to analyse samples containing the polysaccharide xyloglucan. Mode B: anion-exchange chromatography (Analytical CarboPac PA1 column; Dionex) with gradient elution (30--200 mM sodium acetate containing 100 mM NaOH, 0--40 min at a flow rate of 1 mL/min) was used to analyse samples containing cellulase-digested cellulosic reaction products or oligosaccharides.

The transglycosylation activity was determined by measuring fluorescence peak areas. In Mode A, fluorescence peaks eluted within 20 mL (following which the unreacted oligosaccharides were eluted) were identified as the transglycosylation products. In Mode B, fluorescence peaks found specifically in native enzyme samples were identified as the transglycosylation products. The peak areas were converted to molar activity by linear regression from a standard curve of the aminopyridyl oligosaccharide used in the reaction. To obtain subtracted chromatograms, each pair of chromatograms was aligned by linear time warping, and normalized on the basis of the sum of peak areas[@b51].

The insoluble product generated by AtXTH3 was quantified using peak areas of cellulase-liberated glucose and cellobiose, with aminopyridyl cellohexaose that was digested in parallel as a standard.

Mass spectrometry
-----------------

Liquid chromatography system (1290 Infinity; Agilent) equipped with a reverse-phase column (Eclipse plus C18; Agilent) coupled to a mass spectrometer (MicrOTOF-II; Bruker) was used as an LC/ESI-TOF mass platform. The liquid chromatographic separation was performed with gradient elution (0.15 mL/min) of aqueous methanol acidified with acetic acid (0.05% v/v). Samples containing aminopyridyl cellotetraose were analysed using a linear gradient (5--18%, v/v, methanol, 0--5 min; Gradient A), while those containing aminopyridyl *XXXG* were analysed using a multi-step gradient (10--10--85--88--100%, v/v, methanol, 0--1.5--1.8--4.5--5 min; Gradient B). Mass spectra were recorded in the positive ion mode. The maximum intensities in retention time ranges (3--5 min for Gradient A; 3.7--4.3 min for Gradient B) were plotted against *m/z* values.

A MALDI-TOF mass instrument (AXIMA-CFR-plus; Shimadzu) was operated in linear positive ion mode. α-Cyano-4-hydroxycinnamic acid was dissolved (10 mg/ml) in aqueous acetonitrile solution (50% v/v) containing trifluoroacetic acid (0.1% v/v). An aliquot (0.5 μL) of the matrix solution was mixed with a 0.5 μL droplet of the analyte suspension on a target plate and then left to dry at room temperature.

Computer-assisted sequence analysis
-----------------------------------

Amino acid sequences were retrieved from the TAIR database[@b52] and the Phytozome database[@b53]. The 3D models based on amino acid sequences were predicted using the PHYRE2 server[@b54]. The phylogenetic tree was constructed with the SeaView software[@b55] with the option of MUSCLE alignment; the subgroup annotation was based on the literature[@b14].
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![Substrate specificity of AtXTH3.\
(**a**) Transglycosylation activity from amorphous cellulose (top) or xyloglucan (bottom) to aminopyridyl (AP) oligosaccharides (L~4~: laminaritetraose; C~4~: cellotetraose; X~7~: xyloglucan-heptasaccharide, *XXXG*; X~9~: xyloglucan-nonasaccharide, *XLLG*). (**b**) Comparison of the donor substrate preference during AtXTH3-mediated endotransglucosylation of cellulose preparations of different crystallinity. X~7~ was used as the acceptor substrate. In (**a**) and (**b**), the data are presented as the mean ± s.d. from three independent experiments, and different letters denote significant differences as determined by Tukey's test (*p* \< 0.05). (**c**) Schematic representations of the types of transglycosylation activity of AtXTH3 and AtXTH22: (left) xyloglucan endotransglucosylase, XET, which mediates transglycosylation between xyloglucan and xyloglucan oligosaccharides; (middle) cellulose:xyloglucan endotransglucosylase, CXE, which mediates transglycosylation between cellulose and xyloglucan oligosaccharides; (right) cellulose endotransglucosylase, CET, which mediates transglycosylation between cellulose and cello-oligosaccharide.](srep46099-f1){#f1}

![pH and temperature dependence and kinetic parameters of AtXTH3-mediated transglycosylation reaction.\
(**a**) pH (left) and temperature (right) dependence of AtXTH3-mediated transglycosylation (donor: amorphous cellulose; acceptor: aminopyridyl cellotetraose, *GGGG*-AP). (**b**) Michaelis constant (*K*~M~) and turnover number (*k*~cat~) for acceptor oligosaccharides (left: *GGGG*-AP; right: *XXXG*-AP) with amorphous cellulose as the donor substrate. (**c**) Michaelis constant and turnover number for donor substrates (left: cellulose donor and *GGGG*-AP acceptor; right: xyloglucan donor and *XXXG*-AP acceptor). The data are presented as the mean ± s.d. from three independent experiments. Different letters in (**a**) denote significant differences as determined by Tukey's test (*p* \< 0.05).](srep46099-f2){#f2}

![Characterization of AtXTH3 transglycosylation products.\
(**a**) LC/ESI-TOF mass spectra of reaction products generated in the course of AtXTH3-mediated transglycosylation (top: denatured; bottom: native) using cellohexaose (*GGGGGG*) as the donor substrate, and aminopyridyl cellotetraose (*GGGG*-AP) (left) or xyloglucan-heptasaccharide (*XXXG*-AP) (right) as the acceptor substrate. Two major peaks specifically detected in each native AtXTH3 preparation are annotated. The letters in green represent the structure of the donor substrate and its moiety transferred to the acceptor. The assay conditions for all reactions were set to remove the majority of the donor and acceptor substrates, although a fraction (less than 10%) of the acceptor remained (\*1: \[*XXXG*-AP + H\]^+^; \*2: \[*XXXG*-AP + OAc + H\]^+^). (**b**) MALDI-TOF mass spectrum of insoluble products of the AtXTH3-mediated transglycosylation where aminopyridyl cellohexaose (*GGGGGG*-AP) was the sole substrate. The numbers above peaks denote the degree of polymerization.](srep46099-f3){#f3}

![AtXTH3 subsite mapping.\
(**a**) Comparison of AtXTH3-mediated transglycosylation activities and reaction products when different combinations of donor/acceptor substrate combinations were used. Cellotriose (*GGG*), cellotetraose (*GGGG*), cellopentaose (*GGGGG*), and cellohexaose (*GGGGGG*) were used as the donors. Aminopyridyl glucose (*G*-AP), cellobiose (*GG*-AP), cellotriose (*GGG*-AP), cellotetraose (*GGGG*-AP), and xyloglucan-heptasaccharide (*XXXG*-AP) were used as the acceptors. The reaction products were separated by anion-exchange chromatography coupled with fluorescent detection. Each chromatogram is presented as the difference of chromatograms from reactions with native and heat-denatured enzymes. Arrowheads indicate acceptor elution volumes. Arrows indicate major transglycosylation products, whose putative structure is given on the right. The letters in green represent the structure of the donor substrate and its moiety transferred to the acceptor. (**b**) Schematic representation of the AtXTH3 subsite based on the data from (**a**). The 3D model was predicted using the PHYRE2 server[@b54] with the amino acid sequence of AtXTH3 as a query; the template, found on the server, was the crystallographic data (1UMZ[@b56]) of PttXET16A, a hybrid aspen XTH protein.](srep46099-f4){#f4}

[^1]: Present address: Department of Medicinal and Organic Chemistry, School of Pharmacy, Iwate Medical University, 2-1-1 Nishitokuta, Yahaba-Cho, Shiwa-Gun, Iwate, 028-3694 Japan.
